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Energy  behaviours  represent  a  significant  untapped  potential  for  the  increase  of  end-use  energy  efficiency 
in  buildings.  Although  energy  behaviours  are  a  major  determinant  of  energy  use  in  buildings,  energy 
savings  potential  due  to  behaviour  are  usually  neglected,  albeit  being  referred  to  be  as  high  as  those  from 
technological  solutions. 

This  paper  presents  a  review  of  recent  literature  on  energy  behaviours  in  order  to  recognise  recent 
trends,  quantify  energy  behaviours  potential  savings,  characterise  energy  behaviour  modelling  strategies 
and  identify  potential  research  gaps. 

Energy  behaviour  research  is  vast  and  has  been  essentially  focused  on  the  residential  sector,  striving 
to  establish  behaviour  determinants  and  the  best  strategies  and  instruments  to  promote  more  efficient 
energy  behaviours.  Potential  savings  of  energy  behaviours  are  referred  to  reach  20%,  but  values  differ 
up  to  100%  between  experiences  and  additional  studies  to  quantify  behavioural  savings  are  needed,  in 
particular  by  using  standard  quantification  techniques. 

Different  modelling  techniques  have  been  used  to  model  energy  behaviours:  qualitative  approaches 
from  the  social  sciences  trying  to  interpret  behaviour,  here  named  energy  behaviour  frameworks; 
quantitative  approaches  from  the  engineering  and  economics  that  quantify  energy  consumption,  here 
designated  by  energy  models;  and  hybrid  approaches  that  are  considered  the  most  relevant  since  they 
integrate  multiple  dimensions  of  energy  behaviours,  here  referred  as  energy  behaviour  modelling. 

Energy  behaviours  have  a  crucial  role  in  promoting  energy  efficiency,  but  energy  behaviours  charac¬ 
teristics  and  complexity  create  several  research  challenges  that  must  be  overcome  so  energy  behaviours 
may  be  properly  valorised  and  integrated  in  the  energy  policy  context. 
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1.  Introduction 

Energy  efficiency  is  recognised  as  an  essential  strategy  in  energy 
and  climate  change  mitigation  policies.  The  benefits  of  using  energy 
more  efficiently  include  not  only  reduced  greenhouse  gases  emis¬ 
sions  and  local  air  pollution,  but  also  reduced  investments  in  energy 
infrastructures,  lower  fossil  fuels  dependency,  increased  competi¬ 
tiveness  and  improved  consumer  welfare  [1  ]. 

Globally,  energy  efficiency  levels  have  improved  in  the  last 
years.  In  general,  between  1990  and  2005  all  OECD  countries 
reduced  their  aggregate  final  energy  intensity  values,  through 
strong  efficiency  improvements  in  all  sectors  of  the  economy, 
including  the  introduction  of  modern,  efficient  technologies  and 
processes  [2].  As  a  result,  energy  savings  of  15%  and  carbon  diox¬ 
ide  (CO2)  avoided  emissions  of  14%  were  achieved  in  2005  [2]. 
However,  despite  this  progress,  energy  efficiency  gains  were  much 
lower  than  in  the  previous  decades,  if  70s  to  the  90s  are  taken  as 
references  [1,2].  Trying  to  explain  this  fact,  the  International  Energy 
Agency  (IEA)  admitted  that  “changes  caused  by  the  oil  price  shocks 
in  the  1970s  and  the  resulting  energy  policies  did  considerably 
more  to  control  growth  in  energy  demand  and  reduced  C02  emis¬ 
sions  than  the  energy  efficiency  and  climate  policies  implemented 
since  the  1990s”  [2].  Nevertheless,  energy  efficiency  is  acknowl¬ 
edged  as  an  indispensable  energy  policy  strategy,  and  during  the  G8 
Summit  in  2008  the  IEA  presented  25  energy  efficiency  measures 
that,  if  implemented  globally,  could  save  one-fifth  of  global  energy- 
related  C02  emissions  by  2030,  ranging  from  various  areas  such 
as  buildings,  appliances,  lighting,  transport,  industry  and  power 
utilities  [3], 

At  an  European  level,  the  European  Union  (EU)  assumes  that 
even  though  energy  efficiency  has  improved  considerably  in  recent 
years,  it  is  still  technically  and  economically  feasible  to  progress 
further  by  using  different  strategies  across  all  activity  sectors 
[4].  For  example,  these  strategies  include  retrofitting  walls  and 
roof  insulation  in  residential  buildings,  improved  energy  manage¬ 
ment  systems  in  commercial  buildings,  equipments  replacement 
in  manufacturing  industry,  or  changing  modes  of  transportation 
[4].  However,  the  European  Union  identifies  buildings  as  the  most 
promising  target  to  improve  energy  efficiency  and  quantifies  a 
significant  energy  saving  potential  associated  with  infrastructural 
and  equipment  investments  (27%  in  the  residential  and  30%  in  the 
services  sector)  [4].  Nevertheless,  although  occupant  behaviour  is 
a  major  determinant  of  energy  use  in  buildings,  energy  savings 
potential  due  to  behaviour  are  usually  neglected  [5],  albeit  being 
referred  to  be  as  significant  as  those  from  technological  solutions 
[6,7].  Indeed,  there  is  a  critical  lack  of  characterisation  and  system¬ 
atisation  of  behavioural  factors  as  promoters  of  energy  efficiency, 
and  the  possible  leverage  of  policies  over  these  is  poorly  understood 
[5[. 

This  paper  aims  to  characterise  recent  trends  on  energy 
behaviour  research  in  order  to  establish  potential  research  gaps, 
quantify  energy  behaviours  potential  savings  and  review  recent 
strategies  used  to  modelling  energy  behaviours.  Due  to  the  exten¬ 
sive  literature  on  energy  behaviours,  the  review  has  been  restricted 
to  papers  published  in  scientific  journals  published  during  the 
21st  century.  The  main  studies  found  on  these  topics  are  analysed 
and  specific  details  are  emphasised.  Finally,  a  critical  analysis  and 
research  recommendations  are  made. 

In  this  setting,  some  preliminary  terminology  clarifications  are 
required.  First,  for  the  purpose  of  this  study,  energy  behaviours  are 
those  leading  to  end-use  energy  consumption.  Thus,  when  referring 
to  energy  behaviours  there  are  always  two  implicit  dimensions: 
the  behaviour  in  itself  and  the  associated  energy  consumption, 
in  which  the  second  is  a  consequence  from  the  first  and  quan¬ 
tifies  it.  Therefore,  the  energy  consumption  may  be  generated 
by  the  use  of  technologies,  the  purchase  or  the  adoption  of  new 


technologies,  or  the  users  aspirations  or  various  interrelation¬ 
ships  between  these  [8[.  While  the  adoption  of  new  technologies 
relate  to  investment  behaviours,  the  regular  use  of  technologies 
are  related  with  habitual  behaviours.  Habitual  behaviours  are  auto¬ 
matic  and  routine  behaviours  through  which  individuals  repeat 
and  do  things  automatically  without  conscientiously  weighting  the 
pros  and  cons  [9,10].  Although  habitual  behaviours  are  functional, 
they  may  deliver  sub-optimal  results  in  what  energy  efficiency  con¬ 
cerns  [9],  In  the  scope  of  this  study  only  the  use  of  technologies 
point  of  view  will  be  considered,  which  implies  a  stronger  emphasis 
on  habitual  behaviours  perspective. 

Furthermore,  it  is  important  to  discuss  the  difference  between 
energy  efficiency  and  energy  conservation  in  the  context  of  energy 
behaviours.  The  terms  energy  efficiency  and  energy  conservation 
are  often  overlapped  in  energy  research  and  policy  making  con¬ 
texts  [11].  Furthermore,  during  this  review  both  terms  were  found 
when  referring  to  energy  behaviours  contexts  (e.g.  [8,10,12-18]). 
However,  some  authors  argue  that  the  term  energy  efficiency 
should  not  be  used  when  referring  to  energy  behaviours  [11].  They 
stress  that  while  energy  efficiency  refers  to  the  adoption  of  specific 
technologies  that  reduce  the  overall  energy  consumption  with¬ 
out  changing  the  relevant  behaviours  and  achieving  the  maximum 
services  obtainable  (such  as  heating,  lighting,  cooling,  mobility), 
energy  conservation  is  merely  a  change  in  consumers  behaviour 
that  leads  to  energy  savings.  This  study  will  focus  on  the  strict 
energy  efficiency  definition  of  reducing  the  final  energy  consumed 
while  achieving  the  maximum  energy  services  possible.  Therefore, 
energy  efficiency  may  not  be  achieved  only  by  the  change  of  tech¬ 
nologies,  but  also  by  the  way  they  are  used,  which  are  related 
to  energy  behaviours.  Accordingly,  in  this  study  the  term  energy 
efficiency  will  be  used  in  an  energy  behaviour  context. 

The  paper  is  organised  as  follows.  In  Section  2  an  overview  on 
recent  energy  behaviours  research  is  presented,  drawing  attention 
to  the  most  important  studies,  results  and  research  gaps.  Section 
3  presents  existing  studies  and  estimates  on  potential  savings  of 
energy  behaviours  and  discusses  the  main  results.  In  Section  4  sev¬ 
eral  approaches  used  for  modelling  energy  behaviours  are  explored 
and  characterised  and,  finally,  at  Section  5  a  critical  analysis  and  the 
main  conclusions  of  this  review  are  presented. 


2.  Energy  behaviours  research 

Most  of  the  research  on  energy  behaviours  has  been  essen¬ 
tially  focused  on  the  residential  sector.  Energy  behaviour  studies 
in  the  residential  sector  are  predominantly  field  experiments  test¬ 
ing  instruments  to  promote  more  efficient  energy  behaviours  (e.g. 
[19-29])  and  trying  to  establish  the  behavioural  determinants  for 
energy  use  (e.g.  [13-18,30,31]). 

The  majority  of  energy  behaviour  studies  in  this  last  decade 
has  been  dominated  by  the  psychology  research.  One  of  the  most 
relevant  publications  on  residential  energy  behaviours  is  due  to 
Steg  and  Vlek  [32],  which  has  its  origins  on  environmental  psy¬ 
chology.  It  consists  on  a  comprehensive  review  that  systematises 
the  factors  underlying  pro-environmental  behaviour  in  the  res¬ 
idential  sector  and  the  type  of  interventions  to  encourage  this 
type  of  behaviour.  The  authors  begin  by  identifying  motivational 
factors,  contextual  factors  and  habitual  behaviour  as  the  most 
important  factors  in  environmental  behaviour.  Motivations,  from 
an  individual  perspective,  lead  people  to  engage  in  environmental 
behaviour  and  are  categorised  into  perceived  costs  and  benefits, 
moral  and  normative  concerns,  and  affection.  The  first  motiva¬ 
tion  considers  that  individuals  weigh  the  pros  and  cons,  making 
rational  choices  in  order  to  maximise  their  benefits.  The  second 
is  related  to  the  valuation  of  environmental  beliefs  and  environ¬ 
mental  concerns,  the  moral  obligation  to  act  pro-environmentally 
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and  the  influence  of  social  norms  on  behaviour.  Finally,  the  third 
make  use  of  affective  and  symbolic  factors  to  explain  environmen¬ 
tal  behaviour.  Further,  the  authors  underline  that  these  different 
perspectives  are  not  mutually  exclusive  and  are  all  useful  to 
predict  environmental  behaviours.  However,  being  traditionally 
focused  on  the  individual  perspective,  environmental  psychology 
often  fails  to  examine  the  contextual  influence  on  environmental 
behaviours.  In  fact,  these  authors  also  stress  that  many  contex¬ 
tual  factors  may  facilitate  or  constrain  environmental  behaviours 
and  influence  individual  motivations.  Furthermore,  rather  than 
being  preceded  by  pure  rational  processes,  behaviour  is  frequently 
habitual  and  guided  by  automated  cognitive  processes  [15,32]. 
Habits  are  automated  goal-based  behaviours  that  tend  to  be 
repeated  in  certain  circumstances  when  their  outcomes  are  gen¬ 
erally  satisfactory,  and  often  involve  misperceptions  and  selective 
attention  on  information  that  reinforces  the  habitual  behaviour 
[32], 

Strategies  for  promoting  more  efficient  energy  behaviours  have 
been  differently  systematised  by  several  authors.  For  example, 
a  categorisation  has  been  made  as  antecedent  or  consequence 
strategies  [12,32].  While  antecedent  interventions  are  designed 
to  change  factors  that  precede  behaviour,  consequence  strategies 
focus  at  changing  the  consequences  following  behaviour,  based  on 
the  assumption  that  more  efficient  energy  behaviours  will  become 
more  attractive  when  positive  consequences  are  attached  to  it. 
Antecedent  interventions  include  commitment  (promise  to  change 
behaviour,  usually  linked  to  a  quantified  goal),  goal  setting  (a  tar¬ 
get  is  quantified),  information  (it  is  the  most  common  strategy 
and  is  used  to  increase  awareness)  -  which  are  provided  using 
workshops,  mass  media  campaigns  or  tailored  information,  and 
modelling  (providing  examples  of  recommended  behaviours).  Con¬ 
sequence  strategies  may  comprise  feedback  ( providing  information 
on  energy  consumption),  and  rewards  (particularly  monetary). 
Another  classification  is  made  by  [32]  in  informational  and  struc¬ 
tural  strategies.  Informational  strategies  target  the  motivational 
factors  and  are  designed  to  change  perceptions,  motivations, 
knowledge  and  norms,  without  actually  changing  the  external 
context  in  which  choices  are  made.  Examples  include  providing 
information,  persuasion  (to  influence  attitudes  and  reinforce  com¬ 
mitment),  social  support  and  role  models  (to  strengthen  social 
norms).  Structural  strategies  aim  to  change  the  contextual  factors 
of  behaviours,  e.g.,  changing  the  costs  and  benefits  of  alternatives  or 
legal  instruments.  Overall,  the  intervention  effectiveness  increases 
with  a  preliminary  clear  identification  of  the  behaviour  causal  fac¬ 
tors  and  barriers,  followed  by  the  use  of  a  combination  of  the  most 
effective  strategies  [12,32]. 

It  is  notorious  the  difference  in  approaches  used  by  diverse 
disciplines  for  encouraging  more  efficient  energy  behaviours.  As 
previously  analysed,  while  environmental  psychology  addresses 
mainly  behavioural  factors,  economics  assumes  individuals  as  fully 
rational  (or  almost),  that  is  making  rational  decisions  and  actions 
[33,34].  Therefore,  economic  strategies  consist  of  correcting  market 
failures,  by  providing  information  (e.g.  audits,  labels),  securing  cap¬ 
ital  for  investments  (e.g.  grants,  loans,  energy  services  companies 
contracts)  and  supporting  research,  development  and  dissemina¬ 
tion  of  energy-efficient  solutions  [33].  In  turn,  whereas  psychology 
and  economics  focus  on  the  individual  behaviour,  sociology  pro¬ 
poses  that  energy  demand  is  not  only  originated  by  the  individual, 
but  it  is  also  a  result  of  a  social  construct  and  therefore  strategies 
to  be  effective  must  consider  this  perspective  [33,34].  Examples 
include  collective  actions,  social  learning,  and  sociotechnical  net¬ 
works  [33],  However,  this  perspective  is  also  recognised  by  the 
environmental  psychology  research  when  it  stresses  the  impor¬ 
tance  of  considering  public  participation  strategies  to  gather  people 
attention,  gain  their  commitment  and  increase  their  involve¬ 
ment  [32].  These  different  approaches  result  from  the  underlying 


behavioural  frameworks  and  will  be  addressed  and  developed  fur¬ 
ther  on  in  this  paper. 

Traditionally,  strategies  for  promoting  more  efficient  energy 
behaviours  have  been  used  by  energy  policies,  demand  side 
management  and  behavioural  change  programmes,  promoted  by 
national  and  local  authorities,  utilities,  energy  agencies  and  con¬ 
sumer  associations.  Although  considerable  investments  have  been 
done  in  these  programmes  in  the  last  decades,  more  significant 
behavioural  changes  ought  to  be  achieved.  Two  recent  studies 
carried  out  an  assessment  of  behavioural  change  programmes 
[10,33].  Both  studies  reviewed  hundreds  of  European  initiatives 
and  projects  to  identify  success  factors.  One  of  the  most  important 
results  is  that  in  order  to  promote  the  interventions  effectiveness, 
planners  knowledge  on  theoretical  background  must  be  increased 
and  “adequate  time  and  consideration  must  be  given  to  identify 
the  approaches,  instruments  and  programmes  most  likely  to  yield 
the  desired  outcomes”  [10]  -  which  is  in  accordance  with  [12,32] 
conclusions.  Furthermore,  interventions  must  be  designed  accord¬ 
ing  to  consumer  profiles  (using  market  segmentation)  and  target 
the  easiest  behaviours  to  change  with  the  greatest  impacts.  Fol¬ 
lowing  these  results  [35]  presents  a  planning  methodology  for  the 
systematic  development  of  interventions  to  promote  more  effi¬ 
cient  energy  behaviours,  named  intervention  mapping  approach. 
In  simple  terms,  this  method  provides  a  systematic  tool  that  help 
planners  to  identify  interventions  behavioural  change  objectives, 
to  select  the  most  appropriate  theoretical  background  and  meth¬ 
ods  that  have  been  proven  to  effectively  generate  the  desired 
behavioural  changes.  It  involves  the  following  phases:  needs 
assessment,  programme  objectives,  methods  and  applications,  pro¬ 
gramme  development,  planning  for  programme  implementation 
and  assessment. 

However,  during  this  last  decade,  energy  behaviour  research 
has  substantially  focused  its  attention  on  a  specific  strategy  for 
promoting  more  efficient  energy  behaviours,  which  are  feedback 
mechanisms.  Feedback  consists  in  providing  information  on  energy 
consumption  and  is  seen  as  an  essential  strategy  to  remateri¬ 
alise  energy  consumption,  contributing  to  raise  awareness  and 
encouraging  individuals  to  have  more  efficient  energy  behaviours 
[9,20,36].  Feedback  is  often  categorised  as  direct,  indirect  and  inad¬ 
vertent,  depending  on  how  the  information  is  disseminated,  on  the 
type,  quality  and  quantity  of  data  presentation,  and  on  interaction 
and  control  by  the  energy  user  [37].  There  are  several  field  experi¬ 
ments  testing  particular  feedback  features  on  energy  consumption, 
such  as  the  provision  of  tailored  information  and  goal  setting  [19], 
or  the  use  of  in-home  displays  [20,23,25,36,38,39].  In  one  of  the 
most  important  publications  on  this  topic,  [9]  reviews  the  effects 
of  feedback  on  electricity  consumption  and  on  consumers’  reac¬ 
tions  and  attitudes,  as  well  as  feedback  preferences.  This  author 
stressed  that  successful  feedback  has  to  capture  the  consumers’ 
attention,  draw  a  close  link  between  specific  actions  and  their 
effects  and  activate  various  motives  that  may  appeal  to  different 
consumer  groups.  Relevant  features  of  feedback  may  determine 
its  effectiveness  and  those  include  frequency,  duration,  content, 
breakdown,  medium  and  way  of  presentation,  comparisons,  and 
combination  with  other  instruments.  Yet,  the  most  valued  fea¬ 
tures  by  household  consumers  are  presentation  of  costs  over  a 
period  of  time,  appliance-specific  breakdown,  historical  compar¬ 
ison  and  presentation  using  computerised  and  interactive  tools. 
The  most  important  conclusion  is  that  there  is  not  “the”  perfect 
feedback  for  everybody  and  feedback  should  be  tailored  according 
to  each  group  norms  and  motivations,  which  was  also  supported 
by  [19,10].  Also  important,  feedback  preferences  may  vary  accord¬ 
ing  to  regional  differences,  and  since  existent  studies  were  mainly 
developed  in  North  America,  central  and  northern  Europe,  it  is  rel¬ 
evant  to  conduct  feedback  studies  in  regions  with  different  social 
contexts. 
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Nevertheless,  despite  the  significant  existing  background 
knowledge  on  energy  behaviours  in  the  residential  sector, 
behavioural  studies  on  determinants  or  strategies  are  almost  inex- 
istent  for  other  type  of  buildings  such  as  services.  Most  of  the 
studies  on  services  focus  on  common  barriers  to  energy  efficiency 
and  energy  use  determinants  (e.g.  [40-44]).  In  fact,  only  [45] 
addressed  behavioural  aspects  in  services,  evaluating  feedback  and 
peer  education  as  instruments  for  promoting  more  efficient  energy 
behaviours  in  university  buildings.  Although  this  study  is  limited 
by  the  sample  type  and  size,  its  results  are  consistent  with  the  res¬ 
idential  experience  and  significant  energy  savings  were  achieved. 
Further,  only  one  study  compared  energy  behaviour  in  both  envi¬ 
ronments  [46],  particularly  concerning  differences  in  comfort  and 
use  of  thermostats.  Accordingly,  there  is  a  noteworthy  unexplored 
line  of  research  associated  with  energy  behaviours  in  services 
buildings,  as  well  as  comparing  energy  behaviours  in  both  types 
of  buildings. 


3.  Potential  savings  of  energy  behaviours 

Although  there  is  a  broad  research  on  energy  behaviours,  just  a 
small  number  of  studies  quantifies  how  much  energy  behaviours 
accounts  for  in  terms  of  potential  energy  savings  or  CO2  emis¬ 
sions.  In  the  context  of  this  review  only  nine  studies  were  found 
for  residential  buildings  and  three  for  services  buildings  (Table  1). 

The  studies  on  residential  buildings  are  field  experiments 
[19,23,47,48],  simulations  [49,50],  and  reviews  of  existing  exper¬ 
iments  [7,9,10,51].  They  vary  substantially  in  geographic  area, 
scope,  intervention  type,  scale  of  study  and  energy  policy  con¬ 
text.  However,  there  is  a  significant  number  of  studies  that  focus 
on  feedback  effects  on  behaviour,  by  quantifying  its  energy  sav¬ 
ings  effects  [9,19,23,51  ].  Depending  on  the  studies  contexts,  huge 
differences  in  energy  savings  can  be  encountered.  For  example,  at 
the  European  level,  the  review  of  behavioural  change  programmes 
concludes  that  behavioural  savings  potential  could  reach  approxi¬ 
mately  20%  [10],  but  in  its  world  review  [7]  concludes  that  results 
may  differ  up  to  100%  between  case  studies.  As  a  result,  there 
are  severe  limitations  to  generalise  energy  savings  and  CO2  emis¬ 
sions.  Furthermore,  experiences  usually  combine  behaviour  change 
with  equipment  replacement  [47],  therefore  making  impossible 
the  exclusive  quantification  of  the  behavioural  component.  Finally, 
studies  that  quantify  potential  behaviour  savings  at  service  build¬ 
ings  are  scarce.  Three  studies  were  found,  where  two  consist  of 
audits  [52,53]  and  one  tests  a  feedback  strategy  [54].  For  example, 
[53]  studies  user  behaviours  in  offices,  schools  and  medical  build¬ 
ings  in  particular  turning  off  devices  at  night  or  enabling  power 
management  of  office  equipments.  Although  they  have  not  cal¬ 
culated  direct  savings,  they  conclude  that  less  than  50%  of  the 
equipments  are  turned  off,  and  less  than  10%  of  desktop  comput¬ 
ers  enter  low  power  mode,  while  53%  successfully  initiate  power 
management  in  monitors.  These  results  are  in  accordance  with  [52] 
findings,  indicating  clear  opportunities  not  only  for  energy  manage¬ 
ment  but  also  for  behavioural  change  in  services  buildings. 

However,  even  though  there  are  limitations  to  generalise  energy 
potential  savings  from  existing  studies,  there  is  a  reference  study 
based  on  the  Fourth  Assessment  Report  of  the  Intergovernmental 
Panel  on  Climate  Change  [7],  which  synthesises  the  results  from 
several  experiences  around  the  world.  Their  authors  recognise  the 
difficulty  to  quantify  non-technological  factors  and  that  this  weak¬ 
ness  has  been  limiting  the  research  in  this  field.  Furthermore,  they 
admit  that  there  is  a  critical  lack  of  understanding  and  charac¬ 
terisation  of  behavioural  options  to  reduce  CO2  emissions  (and 
consequently  energy  use)  of  residential  and  commercial  buildings. 
The  authors  recommend  that  these  factors,  and  their  interconnec¬ 
tions,  including  those  with  technological  ones,  should  be  mapped 


and  understood,  as  well  as  integrated  into  model  and  scenario  anal¬ 
yses.  Nevertheless,  they  are  the  first  to  admit  that  energy  savings 
through  behavioural  factors  can  be  as  high  as  those  from  techno¬ 
logical  ones,  therefore  reinforcing  their  role  in  energy  efficiency. 

4.  Energy  behaviours  modelling 

Modelling  is  a  central  tool  to  modern  science  and  policy  making, 
since  it  helps  to  explain  reality  and  systems  functioning  (e.g.  tech¬ 
nological,  biophysical  and  economical),  thus  informing  the  thinking 
and  guiding  decisions  [55],  In  energy  efficiency,  modelling  is  usu¬ 
ally  utilised  to  forecast  energy  demand,  predict  the  adoption  of 
new  technologies  and  estimate  the  impacts  of  energy  efficiency 
programmes. 

For  the  purpose  of  this  review,  three  categorisations  on  energy 
behaviour  models  will  be  used  that  attempt  to  accurately  illus¬ 
trate  the  literature  published  under  this  topic:  (1 )  energy  behaviour 
frameworks  that  include  theories  and  explanatory  models  of 
energy  behaviours;  (2)  energy  modelling  that  quantifies  energy  use 
and  (3)  energy  behaviour  modelling  that  comprises  quantitative 
and  qualitative  approaches  used  for  forecasting  behaviours.  Again, 
energy  behaviour  models  have  been  essentially  developed  for  the 
residential  sector,  although  some  energy  models  focused  on  the 
thermal  behaviour  of  buildings  were  developed  both  for  residential 
and  services  buildings. 

4.2.  Energy  behaviours  frameworks 

The  most  comprehensive  review  on  energy  behaviour  frame¬ 
works  in  the  last  decade  is  presented  by  Wilson  and  Dowlatabadi 
[34].  The  authors  focus  on  the  point  of  view  of  residential  energy 
use  and  explore  the  most  relevant  social  theories  that  determine 
individual  decision  making: 

-  utility-based  decision  and  behavioural  economics; 

-  technology  adoption  and  attitude-based; 

-  decision  theories  in  social  and  environmental  psychology;  and 

-  sociological  theories  that  cover  the  influence  of  social  context  in 
decision  making. 

4.2.2.  Utility-based  decision  and  behavioural  economics 

The  foundation  of  utility-based  decision  models  is  the  microe¬ 
conomic  theory  of  utility  maximisation  given  certain  preferences. 
Consumers  are  assumed  to  behave  rationally,  in  the  sense  that 
they  maximise  utility  given  budget  constraints  and  that  their 
preferences  are  perfectly  well-organised,  recognised,  stable  and 
consistent.  This  theory  has  been  used,  for  example,  in  eliciting  the 
consumer  preferences  concerning  energy  efficient  appliances  or 
the  choice  of  electricity  suppliers  in  deregulated  markets.  However, 
there  is  evidence  that  consumers  do  not  always  make  consistent 
rational  decisions,  even  if  they  are  given  perfect  information.  Some 
examples  of  inconsistencies  include  [34,56]: 

-  Time  inconsistency.  Individuals  do  not  make  decisions  in  a 
time  consistent  manner  using  constant  discount  rates.  Instead, 
depending  on  the  situation,  they  make  different  decisions  with 
different  discount  rates  associated. 

-  Bounded  rationality  and  heuristic  decision  making.  Consumers  are 
rational  but  face  cognitive  constraints  in  processing  information. 
Therefore,  consumers  tend  to  use  a  wide  range  of  heuristics  (sim¬ 
ple  decision  rules)  to  reduce  cognitive  requirements. 

-  Framing  and  reference  dependence.  Consumers’  decisions  are  influ¬ 
enced  by  the  way  information  is  presented  to  them.  Different 
results  may  be  obtained  simply  by  framing  the  decision  as  a  choice 
between  losses  or  gains.  Furthermore,  when  making  a  decision, 
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Table  1 

Potential  behavioural  energy  savings  and  reduced  emissions  in  residential  and  services  buildings. 
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Buildings 

Region 

Approach 

Energy  savings  or  reduced  emissions 

Reference 

Residential 

World 

Review  of  non-technological  factors 
influence  on  energy  consumption  and 
carbon  emissions  in  buildings  (80  studies) 

Approximately  29%  of  the  projected 
baseline  emissions  by  2020  can  be  avoided 

[71 

USA,  Japan,  Denmark,  Finland, 
Germany,  the  Netherlands, 
Sweden,  Switzerland,  UK 

Feedback  review  study  (26  projects) 

Electricity  savings  range  from  1.1%  to  over 

20%.  Usual  savings  are  between  5%  and  12% 

[91 

USA 

Use  of  available  technologies  and 
non-business  travel  actions  combined, 
without  reducing  the  household 
well-being 

123  Mton  carbon/year  within  10  years 
representing  20%  of  residential  buildings 
direct  emissions  or  7.4%  of  USA  emissions 

[501 

North  America  and  Japan 

Feedback  review  paper  on  12  utility  pilot 
programmes,  in  particular,  in-house 
displays  feedback 

Electricity  savings  range  from  7%  without 
an  electricity  prepayment  system,  to  14% 
with  that  scheme 

[51] 

Japan 

Feedback  study  using  an  on-line  residential 
energy  consumption  information  system 

9%  reduction  in  power  consumption 

[23] 

China 

Energy-saving  education  strategy  in  124 
households 

More  than  10%  electricity  use  (this 
contributed  as  much  as  insulation 
measures  to  reduce  CO2  emissions  during 

40  years) 

[48] 

Kuwait 

Simulated  occupancy  patterns  using 

ENERWIN  software 

Behavioural  change  concerning  lighting 
patterns  could  save  29%  (37  MWh/year) 
and  AC  thermostats  adjustments  could 
save  around  50  MWh/year 

[49] 

Europe 

Review  on  100  behavioural  intervention 
projects  on  1 1  European  countries 
Replacement  the  appliances  by  the  most 
efficient  ones  and  reducing  the  stand-by 
consumption.  Sample:  1300  households  in 

12  countries 

Savings  potentials  may  reach  20% 

Electricity  savings  of  50%  (165TWh/year; 

72  Mton  CO2  emission  savings) 

EU27:  268TWh/year  and  avoided 
emissions  of  1 1 6  Mton  C02/year 

[10] 

[47] 

The  Netherlands 

Feedback  strategy  using  an  internet-based 
tool  combined  with  tailored  information, 
goal  setting,  and  tailored  feedback 

5.1%  energy  savings 

[19] 

Services 

South  Africa  and  Botswana 

Energy  audits  in  commercial  buildings 

Electricity  savings  of  56%  trough  lighting 
and  equipments  turned  off  in  non-working 
hours 

[52] 

USA 

Feedback  strategy  using  an  energy 
information  system  at  four  commercial 
enterprises  and  university  campuses 

Energy  audits  in  commercial  buildings  to 
determine  turn-off  rates  and  power  mode 
rates  for  office  equipments 

18-35%  in  energy  use 

Although  no  direct  savings  were 
calculated,  only  less  than  50%  of  the 
equipments  were  turned  off  and  less  than 

10%  of  desktop  computers  entered  low 
power  mode,  while  53%  of  monitors 
initiated  power  management 

[54] 

[53] 

instead  of  searching  and  processing  all  relevant  information,  con¬ 
sumers  tend  to  “anchor”  on  predetermined  information,  usually 
the  status  quo  (the  reference  point  with  respect  to  which  gains 
and  losses  are  evaluated). 

4.1.2.  Technology  adoption  and  attitude  based  models 

Technology  adoption  and  diffusion  model  aim  to  explain  how 
and  why  innovations,  such  as  energy  efficient  technologies,  occur 
and  are  disseminated.  It  is  applicable  to  situations  where  social 
networks  and  technological  attributes  are  the  critical  factors.  This 
model  assumes  that  there  is  a  decision  process  with  several  phases 
that  guides  a  change  from  knowledge  to  the  change  in  behaviour 
(namely:  knowledge,  persuasion,  decision,  implementation, confir¬ 
mation).  Furthermore,  feedback  in  the  later  stages  of  the  decision 
process  interacts  with  the  previous  stages;  for  example,  inter¬ 
nal  feedback  reinforces  attitudes,  resolves  dissonance  and  change 
behaviour,  while  external  feedback  changes  affection  and  prelim¬ 
inary  conditions.  The  adopters  and  innovations  characteristics  not 
only  influence  how  knowledge  and  attitudes  are  formed,  but  also 
help  to  explain  the  different  adoption  rates.  For  instance,  the  fol¬ 
lowing  features  of  an  innovation  explain  mostly  of  its  adoption 
rates:  relative  advantage  over  the  common  practice;  compatibility 
with  existing  needs,  norms  and  behaviours;  skills  required  to  adopt 


it;  possibility  of  testing  it  prior  to  the  adoption;  and  if  it  is  highly 
visible  to  potential  adopters.  According  to  this  model  adopters  are 
usually  categorised  into  innovators,  early  adopters,  early  majority, 
late  majority  and  laggards  [57].  However,  although  the  diffusion 
of  innovations  theory  is  the  dominant  framework  when  explain¬ 
ing  the  adoption  of  innovations  it  is  limited  by  its  assumptions. 
For  example,  technologies  and  behaviours  are  not  adopted  simply 
through  awareness  and  favourable  attitudes,  and  contextual  factors 
are  very  important  when  explaining  behaviours  and  innovations 
adoption. 

Associated  with  this  model,  other  attitude  and  belief-based 
behaviour  models  try  to  explain  how  cognition  leads  to  action, 
namely  the  cognitive  dissonance,  the  theory  of  planned  behaviour 
and  self-efficacy,  feedback,  and  reinforcement.  Individuals  strug¬ 
gle  to  be  coherent  and  try  to  reduce  their  internal  inconsistencies 
between  knowledge,  attitudes,  and  actions,  thus  progressively  hav¬ 
ing  more  consistent  behaviours.  The  theory  of  planned  behaviour, 
built  from  the  theory  of  reasoned  action,  is  a  linear  decision 
model  that  considers  attitudes  to  be  formed  both  from  the  indi¬ 
viduals’  beliefs  about  behaviour  as  well  as  an  evaluation  of  its 
outcomes  (almost  like  the  bounded  rationality  approach).  In  con¬ 
junction  with  normative  beliefs  about  what  peers  might  think  of 
the  behaviour,  these  attitudes  lead  to  an  intention  to  act,  which  in 
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turn  predicts  behaviour.  Self-efficacy  may  determine  whether  an 
individual  attempts  and  persists  with  a  given  task  and  is  influenced 
by  past  experience,  the  example  of  others,  and  perceived  skills.  In 
fact,  experience  has  shown  that  reinforcing  self-efficacy  by  setting 
achievable  goals  and  providing  feedback  supports  energy  efficiency 
[34], 

A  field  experiment  is  presented  herein  to  illustrate  the  social 
cognitive  theory  in  an  energy  behaviours  context  [58].  A  sample  of 
electricity  consumers  was  used  to  understand  the  (lack  of)  energy 
saving  efforts  of  households.  The  study  concluded  that  households’ 
electricity  consumption  depends  on  both  structural  and  motiva¬ 
tional  factors.  In  turn,  electricity  saving  efforts  depend  on  the 
strength  of  internalised  norms  or  self-expectations  and  on  self- 
efficacy  related  factors.  Furthermore,  there  are  predictable  patterns 
of  interaction  among  household  members  that  influence  their  elec¬ 
tricity  consumption. 

4.1.3.  Social  and  environmental  psychology 

As  already  mentioned,  social  and  environmental  psychology  has 
been  comprehensively  researching  energy  behaviours.  An  early  line 
of  research  emphasises  the  importance  of  information  and  incen¬ 
tives  on  energy  behaviours,  but  experience  demonstrated  that  this 
was  not  effective.  Psychology  then  shifted  its  attention  to  the  role 
of  constructs  framed  by  environmental  concerns,  in  particular  val¬ 
ues,  attitudes  and  norms.  Moreover,  social  psychology  research  has 
been  testing  the  existence  of  socioeconomic  (e.g.  income,  educa¬ 
tion  and  household  composition)  and  psychological  correlations 
in  residential  energy  use  (e.g.  [30]).  Although  no  strong  correlation 
between  these  two  factors  has  been  found,  these  studies  stress  that 
behaviours  need  to  be  distinguished  according  to  several  features, 
specifically  their  psychological  characteristics,  frequency,  repeti¬ 
tiveness,  cost  and  associated  amenity  losses  [34]. 

The  value-belief-norm  (VBN)  theory  proposes  a  causality 
relation  between  the  personality,  specific  beliefs  about  the  con¬ 
sequences  and  responsibilities  of  particular  actions,  attitudes  and 
personal  and  social  norms.  For  new  norms  and  considerations  to 
enter  the  decision-making  process,  a  conscious  decision  needs  to  be 
taken  during  a  process  called  norm  activation,  which  may  happen, 
for  example,  due  to  a  conflict  between  norms.  Flowever,  decision 
models  that  exclude  contextual  factors  often  fail  to  adequately 
explain  energy  behaviours  when  it  involves  high-effort,  high-cost 
and  high-involvement  decisions.  Hence,  context  was  incorporated 
in  the  attitude-behaviour-external  conditions  (ABC)  model.  In  this 
model,  attitudes  lead  to  behaviour  change  only  if  contextual  vari¬ 
ables  (physical,  financial,  legal,  or  social)  provide  either  incentives 
or  disincentives. 

Based  on  the  preceding  models  [34]  presents  an  integrative  pro- 
environmental  behaviour  model  that  distinguishes  personal  and 
contextual  domains  while  recognising  interactions  between  them. 
Whereas  the  personal  domain  comprises  habits,  current  practice, 
past  experience  and  attitudes,  the  contextual  domain  focus  on  both 
individual  and  collective  variables  (e.g.  technical  skills,  know-how, 
social  norms  and  expectations). 

4.1.4.  The  social  construction  of  decision  making 

On  the  opposite  perspective  of  the  previous  models,  sociology 
approaches  generally  argue  that  energy  use  is  not  a  consequence 
from  individual  choices,  but  it  actually  results  from  the  social  con¬ 
text.  Needs,  attitudes,  and  expectations  are  not  individual  in  nature 
but  are  part  of  a  complex  relationship  between  social  norms  and 
relations,  technologies,  infrastructures  and  institutions.  Individu¬ 
als  do  not  make  decisions  to  consume  energy  or  the  resources  that 
provide  energy.  Instead,  energy  provides  useful  services  that  enable 
normal  and  socially  acceptable  activities  to  be  carried  out  as  part  of 
the  daily  life.  The  demand  for  energy  is  therefore  the  result  of  a  long 


and  complex  process  and  not  consequence  of  immediate  individual 
decisions. 

Focusing  on  the  energy  efficiency  gap,  a  similar  line  of  research 
highlights  the  ubiquity  of  energy  use  in  domestic  routines,  since 
habitual  home  activities  such  as  cooking,  cleaning  or  entertainment 
consume  energy.  In  addition,  it  stresses  that  individual  choices 
are  usually  limited  and  constrained,  due  to  the  limited  supply 
of  technologies,  individual  skills  and  knowledge  or  the  nature 
of  contractors.  Further,  individuals  are  daily  exposed  to  a  non¬ 
conservation  message  through  marketing  strategies,  and  for  a  long 
time  energy  efficiency  has  not  been  an  attractive  topic. 

Finally,  a  perspective  on  the  social  organisation  of  residen¬ 
tial  energy  analyses  the  household  (rather  than  the  individual) 
level,  capturing  normative  and  routine  behaviour  and  recognising 
domestic  rules.  Social  characteristics  such  as  the  number  of  house¬ 
hold  occupants,  their  age,  gender  or  income  may  be  used  to  create 
meaningful  sociocultural  units,  enabling  a  richer  analysis  of  the  role 
of  family  relations  and  other  aspects  of  energy  use.  Controlling  the 
differences  in  building  design  and  technologies,  social  interactions 
within  households  may  provide  patterns  of  energy  use  over  time 
that  may  explain  the  variability  among  households  (such  as  the 
approaches  used  by  [59-61]  illustrate). 

4.1.5.  Energy  behaviour  frameworks  final  remarks 

Complementarily  to  [34]  review  previously  analysed,  [62] 
presents  behaviour  models  on  consumer  choices  with  respect  to 
energy  efficiency  products  for  a  marketing  and  policy  contribution. 
It  explores  several  energy  frameworks  from  the  point  of  view  of  the 
consumption  process  components: 

-  consumer  choice  -  procedural  rationality,  behaviour  economics 
and  hierarchy  of  needs  theories; 

-  needs  and  desires  -  personality,  control,  self-discrepancy,  pro¬ 
social  behaviour,  perceived  consumer  effectiveness,  collective 
action  dilemma,  willingness  to  pay,  and  value  belief  norm  the¬ 
ories; 

-  learning  -  cognitive  consistency,  balance,  consistency,  cognitive 
dissonance,  and  relational  discrepancy  theories; 

-  social  network  -  social  exchange,  behaviour  economic  and 
behaviour  perspective  model  theories; 

-  buying  -  rational  choice,  theory  of  reasoned  action,  theory  of 
planned  behaviour,  hierarchy  of  effects,  and  innovation  decision 
theories; 

-  categorisation  of  consumers  -  behavioural  economics  and  diffu¬ 
sion  theories; 

-  product  attributes  and  categorisation  -  diffusion  theory. 

Although  most  of  the  models  have  been  already  presented  ear¬ 
lier  in  this  review,  some  different  theories  are  indicated  that  explain 
specific  features  of  the  consumption  process.  However,  the  aim 
of  this  paper  is  to  explore  energy  behaviours  frameworks  from 
the  energy  use  perspective  and  not  from  the  purchase  viewpoint. 
Accordingly,  for  further  developments  of  consumption  frameworks 
see  [62]. 

As  a  closing  remark,  the  models  presented  vary  widely  in  their 
basic  assumptions,  independent  variables,  structure  and  scale. 
While  economics,  behavioural  and  social  psychology,  and  technol¬ 
ogy  diffusion  focus  on  the  individual  as  decision  maker,  sociology 
questions  the  relevance  of  individually  framed  decision  theo¬ 
ries  and  highlights  the  social  and  technological  construction  of 
behaviour.  However,  [34]  emphasises  that  residential  energy  use 
is  characterised  by  a  wide  range  of  decision  types  and  contexts,  as 
well  as  psychological  and  contextual  influences  on  behaviour,  and 
therefore  all  theories  are  relevant  to  explain  residential  energy  use. 
Building  on  these  conclusions,  [8]  proposes  an  integrated  energy 
behaviour  model  by  bridging  research  traditions  centred  on  the 


M.A.R.  Lopes  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  16(2012)  4095-4104 


4101 


individual  and  those  centred  on  wider  social  and  technological 
constructs.  This  model  assumes  that  behaviour  is  influenced  by 
the  interactions  between  cognitive  norms  (e.g.  beliefs,  understand¬ 
ings),  energy  practices  (e.g.  activities,  processes)  and  the  material 
culture  (e.g.  technologies,  buildings).  Its  four  main  characteris¬ 
tics  are:  it  is  change-oriented  rather  than  deterministic,  since  it 
proposes  social,  environmental  and  economic  forces,  but  do  not 
determine  persons  cognitive  norms,  practices  and  material  cul¬ 
tures:  it  accounts  for  the  context  through  its  modelling  of  the 
interactions  between  the  three  core  components  of  behaviour, 
and  between  these  and  wider  societal  and  structural  influences; 
it  is  particularly  designed  to  characterise  variability  in  behaviours, 
enabling  segmentation  of  the  population  in  terms  of  different 
clusters  of  similar  patterns  of  norms,  practices  and/or  material 
culture:  and  it  works  at  different  scales  and  in  different  sec¬ 
tors,  being  applicable  to  understanding  a  individual  household,  a 
business,  neighbourhoods,  industries  or  regions.  Although  being 
a  conceptual  model,  it  was  developed  from  a  case  study  using  a 
multi-disciplinary  research  design  approach. 

4.2.  Energy  modelling 

Energy  models  can  be  found  on  the  exclusive  quantitative  side 
of  energy  behaviour  modelling  spectrum.  Energy  modelling  is  used 
for  energy  consumption  quantification  in  policy  decision  support 
contexts,  such  as  macro-scale  regional  and  national  energy  sup¬ 
ply  assessments  or  micro-scale  engineering  approaches,  such  as 
simulation  of  technologies  use  or  thermal  behaviour  of  buildings. 

A  comprehensive  review  on  the  techniques  utilised  for  mod¬ 
elling  energy  consumption  in  the  residential  sector  is  presented  in 
[63,64].  Energy  models  are  grouped  into  top-down  and  bottom-up. 
Top-down  approaches  determine  long-term  trends  on  energy  con¬ 
sumption  primarily  for  macro  supply  analysis,  based  on  aggregated 
and  widely  available  historical  energy  consumption  information 
and  input  variables  (e.g.  gross  domestic  product,  employment  rates, 
price  indices,  climatic  conditions,  housing  construction/demolition 
rates,  income,  estimates  of  appliance  ownership).  They  consider 
the  residential  sector  as  a  system  and  do  not  distinguish  individ¬ 
ual  energy  consumption  uses.  These  models  comprise  econometric, 
technological  and  combined  techniques.  While  econometric  top- 
down  models  seek  to  establish  the  connection  between  the  energy 
use  and  economic  variables,  the  technological  approach  focus  on 
other  factors,  such  as  the  housing  stock  characteristics,  appli¬ 
ances  ownership,  technological  and  structural  trends.  In  contrast, 
bottom-up  approaches  employ  as  input  data  the  energy  con¬ 
sumption  of  individual  end-uses,  individual  buildings,  or  groups 
of  buildings  and  extrapolate  this  information  to  represent  the 
region  or  nation  based  on  the  representative  weight  of  the  mod¬ 
elled  sample.  Bottom-up  models  include  statistical  and  engineering 
methods.  Based  on  historical  information,  the  first  use  regression 
analysis  to  attribute  energy  consumption  to  particular  end-uses 
and  then  estimate  the  energy  consumption  of  dwellings  that  are 
representative  of  the  residential  stock.  The  engineering  techniques 
are  used  to  explicitly  calculate  energy  consumption  of  end-uses 
based  on  detailed  descriptions  of  a  representative  set  of  buildings. 
For  instance,  they  combine  building  physical  variables,  such  as  the 
efficiency  of  space  heating  systems  and  their  characteristics,  the 
areas  of  the  different  dwelling  elements  along  with  their  ther¬ 
mal  characteristics,  internal  temperatures  and  heating  patterns, 
ventilation  rates,  energy  consumption  of  appliances,  number  of 
occupants,  and  external  temperatures,  to  estimate  the  energy  con¬ 
sumption  of  a  representative  sample  of  buildings. 

While  top-down  approaches  are  referred  to  allowing  for  long 
term  forecasting  using  simple,  aggregated,  and  widely  available 
information,  they  lack  detail  regarding  the  energy  consumption  of 
individual  uses  and  therefore  miss  to  identify  key  areas  for  energy 


efficiency  improvement.  Furthermore,  by  relying  on  historical  data 
they  fail  to  adequately  model  discontinuities  due  to  advances  in 
technology.  On  the  contrary,  bottom-up  approaches  determine 
energy  end-uses,  although  using  different  techniques  (statistical 
ones  determine  typical  uses  and  engineering  ones  use  simulations). 
Bottom-up  statistical  models  require  large  samples  and  engineer¬ 
ing  models  are  computationally  intensive.  Hence,  these  approaches 
have  strengths  and  weaknesses  when  modelling  energy  consump¬ 
tion  that  must  be  considered  when  designing  an  energy  modelling 
research.  For  the  purpose  of  this  paper  it  is  important  to  empha¬ 
sise  that  these  types  of  models  often  fail  to  adequately  deal  with 
socio-technical  influences  on  energy  consumption,  specifically 
behavioural  ones.  For  example,  how  householders  use  domestic 
appliances  or  how  they  react  to  changes  in  the  dwelling  as  a  result 
of  energy  performance  measures.  Nonetheless,  specific  micro-scale 
engineering  models  analyse  occupants’  behaviour  influence  on 
the  buildings  thermal  behaviour.  Examples  include,  for  residential 
buildings,  the  occupants  perception  on  thermal  comfort  [65,66], 
the  control  of  indoor  environments  [49,67,68],  the  influence  of 
socio-economic  parameters  on  cooling  [69],  or  the  influence  of 
thermal  comfort  on  the  buildings  energy  consumption  and  effi¬ 
ciency  [70-73].  Other  micro-scale  engineering  approaches  seek  to 
establish  end  use  energy  profiles,  such  as  laundry  and  dishwashing 
[74],  or  to  develop  load  pattern  recognition  methodologies  [75].  For 
services  buildings  the  micro-scale  engineering  models  studies  are 
similar  to  residential  buildings.  The  majority  focus  on  thermal  com¬ 
fort  [76-80],  natural  ventilation  [81,82],  windows  control  [69,83], 
or  even  modelling  towards  zero-energy  buildings  [84].  Usually  they 
pre-assume  occupants  behaviour  based  on  statistical  models  (such 
as  [85]),  although  some  compare  the  behavioural  assumptions 
with  reality  through  qualitative  methods  (such  as  [83]).  Equally 
important,  modelling  strategies  have  been  developed  to  simulate 
energy  consumption  in  buildings  services,  such  as  the  agent  based 
approach  [86].  Finally,  the  only  study  that  compares  residential 
and  services  buildings  is  focused  on  thermal  comfort,  comparing 
it  between  homes  and  office  rooms  [46]. 

4.3.  Energy  behaviours  modelling 

Last  but  not  least,  energy  behaviour  modelling  integrates  quan¬ 
titative  and  qualitative  approaches  for  predicting  behaviours  and 
establishing  user  profiles.  The  literature  review  exposed  only  two, 
but  important,  lines  of  research  that  integrate  behaviours  and 
energy  consumption  to  provide  consumer  profiles  using  different 
strategies. 

One  of  the  most  interesting  profiling  approaches  integrates 
qualitative  research  on  households’  behaviour  and  habits  with 
quantitative  analysis  and  modelling  of  energy  demand  [59,60].  It 
is  based  on  a  time-geographic  diary  approach  used  to  establish  the 
daily  activities  and  their  connections  with  energy  use.  Profiles  are 
generated  from  a  comparison  between  a  detailed  data  set  on  the 
time  for  everyday  activities  in  households  and  electricity  measure¬ 
ments,  and  different  activity  patterns  are  identified  and  connected 
to  different  household  categories.  This  modelling  technique  gen¬ 
erates  individualised  load  profiles,  for  each  household  member, 
instead  of  using  the  household  as  the  smallest  analysis  unit.  It  has 
a  great  potential  on  providing  insights  on  how  everyday  activities 
contribute  to  energy  use.  However,  it  is  based  on  a  very  time  and 
resource  consuming  information  process,  which  consists  in  writ¬ 
ten  time  diaries  that  are  usually  inexistent  and  difficult  to  obtain. 
A  similar  integrative  approach  combines  an  energy  model,  a  soft¬ 
ware  tool  and  interviews  for  revealing  consumer  preferences  in 
relation  to  different  energy  behaviours  [87],  In  this  case,  a  software 
tool  is  used  to  provide  users  with  a  detailed  accounting  of  how 
much  energy  they  use  and  comparing  their  energy  consumption 
with  a  list  of  energy  behaviours.  The  results  revealed  that  different 
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user  profiles  can  emerge  according  to  their  energy  consumption, 
their  energy  savings  potential  and  their  willingness  to  behaviour 
change. 

A  more  quantitative  approach  on  energy  behaviour  modelling 
consists  of  extracting  energy  consumption  patterns  through  data 
analysis  techniques  (data  mining)  in  order  to  establish  energy  use 
profiles.  Data  mining  is  commonly  used  for  establishing  patterns 
of  energy  consumption  (for  example,  weekly  energy  use  patterns 
in  buildings  [88]).  However,  by  organising  similar  buildings  into 
groups  based  on  influencing  factors  unrelated  to  user  behaviour 
(e.g.  climate,  building  characteristics,  services  and  operations)  [61  ] 
determines  different  end-use  loads  profiles  as  a  result  of  various 
energy  behaviours.  Even  though  this  approach  establishes  differ¬ 
ent  energy  behaviours  profiles,  it  requires  a  large  building  sample, 
which  is  typically  very  complex  to  attain. 


5.  Critical  analysis 

This  work  explored  peer-reviewed  publications  on  the  topic 
energy  behaviours,  in  particular  end-use  energy  behaviours  in 
residential  and  services  buildings  and  modelling  behaviours 
approaches.  The  main  studies  found  on  these  topics  were  analysed 
and  relevant  details  were  emphasised. 

In  summary,  energy  behaviours  are  hugely  complex,  shaped 
by  many  factors,  not  only  individual  but  also  contextual.  Due  to 
this  complexity,  they  are  usually  studied  using  fragmented  and 
disciplinary  studies  from  a  wide  range  of  thematic  areas  such  as 
psychology,  sociology,  economics  and  engineering.  While  the  social 
sciences  focus  on  understanding  and  explaining  energy  behaviours, 
engineering  and  more  technological  approaches  quantify  energy 
consumption  as  a  support  for  decision  and  policy  making.  How¬ 
ever,  each  approach  is  limited  by  its  own  assumptions  and  often 
neglects  important  energy  behavioural  components.  Therefore, 
energy  behaviour  studies  require  an  integration  of  disciplines 
through  interdisciplinary  approaches,  in  particular,  by  bringing 
engineering  and  social  sciences  together.  Furthermore,  while  the 
social  sciences  use  mostly  qualitative  methods  (such  as  interviews, 
focus  groups  and  surveys  [89]),  engineering  use  quantitative  meth¬ 
ods  (e.g.  simulations,  load  quantification).  Hence,  the  quantification 
of  behaviours,  and,  in  particular,  energy  savings  potential,  must 
consider  both  approaches:  qualitative  and  quantitative. 

However,  interdisciplinary  energy  behaviours  research  is 
resource  intensive.  Due  to  the  complexity  mentioned  above,  inter¬ 
disciplinary  knowledge  is  required  to  adequately  address  energy 
behaviour  issues.  As  a  result,  these  studies  require  specialised  and 
multidisciplinary  teams  that  will  need  to  establish,  not  only  a  com¬ 
mon  theoretical  background,  but  also  a  lexicon  framework.  Besides 
their  great  demand  concerning  human  labour,  energy  behaviours 
studies  are  time  and  equipments  consuming,  particularly  concern¬ 
ing  energy  monitoring  equipment.  Moreover,  energy  behaviours 
research  requires  the  participation  of  individuals  that  will  com¬ 
pose  the  study  sample,  which  are  not  usually  willing  to  participate 
(namely  due  to  privacy  issues),  neither  for  a  long  time  period.  This 
raises  clear  research  design  challenges  and  as  a  result,  research 
design  habitually  includes  field  experiments  with  small  samples 
and  limited  time  scales  (named  quasi-experiments).  However,  this 
limits  significantly  the  application  and  generalisation  of  the  results 
of  energy  behaviours  research  to  the  overall  reality. 

The  complexity  of  energy  behaviours  research  is  also  associ¬ 
ated  with  the  intrinsic  shifting  and  inconsistent  characteristics 
of  behaviours  and  the  high  variability  of  energy  consumption  in 
buildings.  Energy  behaviours  are  not  static,  they  change  along 
accumulated  experiences,  and  they  are  often  inconsistent.  This 
increases  research  difficulties,  and  therefore  it  must  be  designed  in 
order  to  minimise  this  effect.  Moreover,  the  energy  consumption  in 


buildings  is  rather  variable  and  different  patterns  and  profiles  may 
be  extracted  at  different  aggregation  levels  and  at  different  time 
scales.  Considering  this  review  results,  context  may  provide  the 
missing  information  to  interpret  and  modelling  energy  behaviours. 

In  general,  research  on  energy  behaviours  has  been  essentially 
focused  on  the  residential  sector.  Only  few  studies  centred  their 
attention  on  behaviours  in  services  buildings  and,  to  the  authors’ 
knowledge,  only  one  study  compared  energy  behaviour  in  both 
types  of  buildings.  Therefore,  there  is  a  noteworthy  unexplored  line 
of  research  associated  with  energy  behaviours  in  services  buildings, 
and  in  particular,  comparing  them  within  both  environments. 

Although  energy  behaviour  studies  in  the  residential  sector  in 
the  last  decade  have  been  predominantly  field  experiments  test¬ 
ing  instruments  to  promote  more  efficient  energy  behaviours  and 
trying  to  establish  the  behavioural  determinants  for  energy  use, 
there  were  also  some  comprehensive  review  studies  that  brought 
essential  systematisation  to  this  topic.  The  majority  of  behavioural 
studies  have  been  dominated  by  the  social  sciences,  in  particular,  by 
the  environmental  psychology.  A  large  share  was  focused  on  strate¬ 
gies  for  promoting  energy  efficiency,  and  in  particular,  feedback 
mechanisms.  Nevertheless,  regardless  the  common  agreement  that 
behavioural  changes  are  required  to  increase  energy  efficiency  lev¬ 
els,  and  the  numerous  interventions  on  behavioural  change  that 
were  put  in  place  in  the  last  decades,  these  interventions  have  been 
ineffective  and  have  not  achieved  significant  behavioural  changes. 
Effectively,  recent  assessments  concluded  that  their  main  failure 
was  due  to  methodological  issues,  particularly  relating  the  theoret¬ 
ical  background  framing,  the  target  segmentation  and  the  overall 
approach.  These  are  crucial  conclusions,  not  only  for  behavioural 
change  programmes,  but  also  for  energy  behaviours  research.  How¬ 
ever,  even  if  there  is  a  broad  research  on  energy  behaviours, 
there  are  only  a  small  number  of  studies  that  quantify  how  much 
energy  behaviours  represent  in  terms  of  potential  energy  savings, 
or  CO2  emissions  reduction,  for  both  residential  and  services  build¬ 
ings.  Depending  on  various  factors,  different  energy  savings  were 
found,  and  consequently  there  are  severe  limitations  to  generalise 
energy  savings.  Nonetheless,  energy  savings  through  behaviour 
are  recognised  to  be  as  high  as  those  achieved  using  technolog¬ 
ical  solutions,  but  the  difficulty  to  quantify  behaviour  has  been 
limiting  the  research  in  this  field.  It  is  believed  that  this  also  has 
had  energy  efficiency  policy  consequences,  since  the  lack  of  energy 
behaviour  quantification  has  limited  the  integration  of  this  topic 
in  energy  efficiency  policies,  thus  reducing  their  efficacy.  There¬ 
fore,  standard  quantification  methodologies  of  energy  behaviour 
are  required  and  research  must  contribute  to  it,  thus  reinforcing 
the  role  of  behaviours  in  energy  efficiency  policies. 

As  previously  mentioned,  energy  behaviours  are  studied  by  dif¬ 
ferent  disciplines  that  range  from  the  social  sciences  to  applied 
engineering.  However,  these  disciplines  have  extremely  different 
perspectives  on  energy  behaviours  modelling  and  differ  substan¬ 
tially  in  approach,  methodology,  objectives  and  scope.  On  the  one 
hand,  the  social  sciences  approach  is  more  theoretical  and  concep¬ 
tual.  Social  models  try  to  explain,  interpret  and  predict  behaviour, 
through  explanatory  theories,  general  frameworks  and  conceptual 
models.  On  the  other  hand,  engineering  and  more  technological 
disciplines  have  a  more  quantitative  perspective  on  modelling, 
quantifying  energy  consumption  and  extracting  consumption  pat¬ 
terns.  For  the  purpose  of  this  review,  three  categorisations  on 
energy  behaviour  models  were  used:  behaviour  frameworks  that 
included  theories  and  explanatory  models  of  energy  behaviours; 
energy  models  that  quantified  energy  use;  and  behaviour  mod¬ 
els,  that  comprised  quantitative  and  qualitative  approaches  used 
for  establishing  energy  behaviour  profiles.  Considering  the  dual 
dimensions  of  energy  behaviours,  the  behaviour  in  itself  and  the 
intrinsic  energy  consumption,  energy  behaviour  modelling  is  con- 
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sidered  the  most  relevant  approach  in  integrating  the  several 
behavioural  dimensions. 

Finally,  energy  behaviours  are  going  to  face  future  challenges 
during  the  ongoing  transformation  of  electric  grids  into  intelligent 
power  grids  (smart  grids).  Smart  grids  will  provide  a  completely 
different  technological  context  and  therefore  they  will  change  the 
customer-utility  relations  and  raise  significant  challenges  to  users 
and  energy  behaviours.  Although  it  is  expected  that  smart  grids 
will  increase  energy  awareness  levels  and  encourage  more  effi¬ 
cient  energy  behaviours,  this  technological  context  is  still  under 
research  and  development,  and  behavioural  research  in  this  con¬ 
text  is  in  its  beginning.  However,  in  order  to  ensure  an  adequate 
implementation  of  smart  grids,  research  on  energy  behaviours  and 
user  involvement  must  be  developed  at  the  same  time  as  this  tech¬ 
nological  framework. 
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